This study evaluated the effects of replacing barley silage (BS) with corn silage (CS) in dairy cow diets on enteric CH 4 emissions, ruminal fermentation characteristics, digestion, milk production, and N balance. Nine ruminally cannulated lactating cows were used in a replicated 3 × 3 Latin square design (32-d period) and fed (ad libitum) a total mixed ration (TMR; forage:concentrate ratio 60:40; dry matter basis) with the forage portion consisting of either barley silage (0% CS; 0% CS and 54.4% BS in the TMR), a 50:50 mixture of both silages (27% CS; 27.2% CS and 27.2% BS in the TMR), or corn silage (54% CS; 0% BS and 54.4% CS in the TMR). Increasing the CS proportion (i.e., at the expense of BS) also involved increasing the proportion of corn grain (at the expense of barley grain). Intake and digestibility of dry matter and milk production increased linearly as the proportion of CS increased in the diet. Increasing dietary CS proportion decreased linearly the acetate molar proportion and increased linearly that of propionate. Daily CH 4 emissions tended to respond quadratically to increasing proportions of CS in the diet (487, 540, and 523 g/d for 0, 27, and 54% CS, respectively). Methane production adjusted for dry matter or gross energy intake declined as the amount of CS increased in the diet; this effect was more pronounced when cows were fed the 54% CS diet than the 27% CS diet. Increasing the CS proportion in the diet improved N utilization, as reflected by decreases in ruminal ammonia concentration and urinary N excretion and higher use of dietary N for milk protein secretion. Total replacement of BS with CS in dairy cow diets offers a strategy to decrease CH 4 energy losses and control N losses without negatively affecting milk performance.
INTRODUCTION
In 2011, agricultural emissions in Canada were 54 Mt of CO 2 eq, representing 8% of total national greenhouse gases (GHG) emissions. Emissions from livestock accounted for 60% of agricultural emissions and, of that, CH 4 from enteric fermentation accounted for 55% of direct livestock emissions, with 20% associated with CH 4 from manure management (Environment Canada, 2013) . Of the total gross energy consumed by the dairy cow, 4 to 7% is lost as CH 4 . Thus, reducing enteric CH 4 emissions is beneficial environmentally (i.e., CH 4 is a potent GHG), nutritionally (i.e., reducing energy losses), and economically (i.e., improved feed efficiency and increasing milk production).
It is well documented that feeding high-starch diets to ruminants decreases ruminal pH, which favors propionate production at the expense of acetate (Bannink et al., 2008; Beauchemin et al., 2009) . Consequently, the availability of hydrogen is lowered, which can inhibit the growth or the activity of rumen methanogens (Van Kessel and Russell, 1996) . Rumen protozoa are also often decreased in ruminants fed high-starch diets, which also reduces the transfer of hydrogen from protozoa to methanogens (Wolin and Miller, 1988; Hegarty, 1999) .
Corn silage (CS) and barley silage (BS) are the main forage components of dairy cow diets in eastern and western Canada, respectively. Because CS contains more starch than BS (Beauchemin and McGinn, 2005; Addah et al., 2011) , increasing CS proportion in the diet can make the ruminal environment less favorable to methanogens. Therefore, lower CH 4 energy losses are expected in cows fed CS-based diets as compared with cows fed BS-based diets. The objective of this study was to determine the effects of feeding CS-versus BS-based diets on CH 4 production, digestion, ruminal fermentation parameters (including protozoa populations), N balance, milk production, and milk composition. da). Animal procedures were conducted under the approval of the Institutional Animal Care Committee of the Dairy and Swine Research and Development Center (Sherbrooke, Canada) and were in accordance with the guidelines of the Canadian Council on Animal Care (Ottawa, Canada; CCAC, 1993) .
Cows, Experimental Design, and Diets
Nine multiparous lactating Holstein cows fitted with rumen cannulas (10 cm, Bar Diamond Inc., Parma, ID) were used in a replicated 3 × 3 Latin square design (32-d period) . The cows averaged (mean ± SD) 114 ± 33 DIM at the start of the experiment with an average BW of 707 ± 49 kg and 47 ± 2.6 kg/d of milk. The dietary treatments were (1) 0% CS and 54.4% BS in the TMR (0% CS), (2) 27.2% CS and 27.2% BS in the TMR (27% CS), and (3) 54.4% CS and 0% BS in the TMR (54% CS). The chemical composition and the ensiling characteristics of the 2 silages are presented in Table 1 . The forage:concentrate ratio of the TMR was 60:40 on a DM basis. Increasing the proportion of CS in the diet (i.e., at the expense of BS) was achieved by decreasing the proportions of barley grain, soybean meal, and inert fat and increasing proportions of corn grain, corn gluten feed, soybean hulls, and urea (Table  2) . Each diet was provided for ad libitum intake (5% orts on an as-fed basis) and cows were housed in individual tiestalls and had free access to water during the experiment.
After 2 wk of adaptation to experimental diets, feed intake, in sacco ruminal degradability, rumen fermentation characteristics (including protozoa enumeration), apparent total-tract digestibility, N balance, milk performance (production and composition), and CH 4 production were measured. Only 2 air flow-controlled chambers were available for measuring CH 4 emissions in this study, which limited the number of animals that could be examined at the same time to 2 (i.e., 1 cow/ chamber). Consequently, CH 4 determination and all measurements had to be staggered by 4 d within the 18-d sampling and data collection period to facilitate measurements. Cows were weighed at the beginning and the end of each experimental period on 2 consecutive days before the AM feeding and after the AM milking.
Intake, Apparent Total-Tract Digestibility, and N Balance
Apparent total-tract digestibility and N outputs were measured over 6 consecutive days as described in Hassanat et al. (2013) . Diets were offered in equal amounts twice daily (0900 and 1930 h). Feed consumption was recorded daily by weighing feeds offered to and refused by the cows. Samples of the TMR, feed ingredients, and orts were collected daily and stored at −20°C. Samples were composited by cow within period, freeze-dried, ground to pass a 1-mm screen using a Wiley mill (standard model 4; Arthur M. Thomas, Philadelphia, PA), and analyzed for DM, OM, total N, NDF, ADF, starch, ether extract (EE), and gross energy (GE). Samples of BS and CS were also analyzed for ADL, lactic acid, VFA, ethanol, ammonia N, and water-soluble carbohydrates. 
963
Total collection of feces and urine was performed as described by Hassanat et al. (2013) by fitting cows with harnesses and tubes allowing the collection of feces and urine separately. Feces were analyzed for DM, OM, total N, NDF, ADF, starch, EE, and GE concentrations. Urine was analyzed for total N content. Retained N was calculated by subtracting N in feces, urine, and milk from N intake, whereas productive N was calculated as the sum of N retained in the body and N secreted in milk.
In Sacco Ruminal Degradability
Ruminal degradability of BS and CS was determined using a nylon bag procedure as described in Hassanat et al. (2013) . Silages were freeze-dried, ground to pass a 2-mm screen using a Wiley mill, and 5-g samples (DM) were weighed in triplicate in polyester bags (17 × 9 cm; 53 μm pore size) made of monofilament PeCAP Polyester (Sefar Nitex, Sefar AG, Heiden, Switzerland). Bags were incubated in the ventral sac of the rumen for 2, 4, 8, 16, 24, 48, 72 , and 96 h. Bags used for time 0 disappearance were soaked in water at 37°C for 5 min and then treated similar to the other bags.
Kinetics of ruminal degradation of OM of BS and CS were calculated using a nonlinear model (McDonald, 1981) . The NLIN procedure of SAS (SAS Institute Inc., Cary, NC) was used to fit the model
where P = percentage of OM disappearance from the nylon bag at time t; a = soluble and rapidly degradable fraction (%); b = slowly degradable fraction (%); c = fractional rate of disappearance of the fraction b (per hour); L = lag time (h); and t = time of incubation (h). The model was fitted using (a + b) ≤ 100, b ≥ 0, c ≥ 0, and L ≥ 0 constraints.
The effective ruminal degradability (ERD) of OM was calculated using
where k p is the ruminal fractional passage rate, calculated at 0.05/h from the equations suggested by the NRC (2001) for wet forages. 
Ruminal Fermentation Characteristics and Protozoa Enumeration
Ruminal fluid was collected from cows on 2 successive days before (0 h) and at 1, 2, 4, 6, and 8 h after the AM feeding. A total of 250 mL was collected from the anterior dorsal, anterior ventral, medium ventral, posterior dorsal, and posterior ventral locations within the rumen using a 50-mL syringe screwed to a stainless tube ending with a probe covered by a fine metal mesh (RT Rumen Fluid Collection Tube, Bar Diamond Inc.). Ruminal fluid was acidified to a pH of 2 with 50% sulfuric acid and subsamples (15 mL) were frozen at −20°C for later determination of VFA and NH 3 concentrations.
Ruminal pH was measured continuously for 48 h using Kahne Bolus system (KB1000, Kahne Limited, Auckland, New Zealand) as described in Hassanat et al. (2013) . The pH data were summarized as mean pH, minimum pH, maximum pH, time spent below pH 6.0, time spent below pH 5.6, time spent below pH 5.2, area (time × pH) when 5.6 < pH < 6.0, area when 5.2 < pH < 5.6, and area when pH < 5.2 over 24 h (Plaizier et al., 2001; Keunen et al., 2002; Khafipour et al., 2009) .
Protozoa were counted from ruminal content collected before (0 h) and 4 h after the AM feeding. Ruminal content (approximately 1 L) was strained through 4 layers of cheesecloth and a 5-mL portion of the strained ruminal fluid was preserved using 5 mL of methyl green formalin-saline solution for protozoa enumeration (Ogimoto and Imai, 1981) . Protozoa samples were stored at room temperature in darkness until counting. Protozoa were microscopically enumerated using a counting chamber (Neubauer Improved Bright-Line counting cell, 0.1 mm depth; Hausser Scientific, Horshamm, PA) and genera were identified as outlined by Dehority (1993) .
Milk Production and Milk Composition
Cows were milked in their stalls twice daily, at 0700 and 1900 h, and milk production was recorded at each milking. During digestibility measurements, milk samples were collected from each cow at each milking, stored at 4°C with a preservative (2-bromo-2-nitropropan-1,3-diol), and then sent to a commercial laboratory (Valacta Dairy Production Center of Expertise QuebecAtlantic, Ste-Anne-de-Bellevue, Canada) for analyses of fat, protein, lactose, MUN, and SCC.
Enteric Methane Production
Enteric methane emissions were determined as described in Hassanat et al. (2013) using 2 air flowcontrolled chambers for measurement of CH 4 production. The chambers measured 4.09 × 2.95 × 2.84 m (length × width × height). When chambers doors were closed, air entered the chamber through a ventilation duct and exited through an exhaust. Air temperature within the chamber was maintained at 18 ± 1°C. Air flow into and out of the chamber was measured using Inline Mass Flowmeters (FT2, FOX Thermal Instruments Inc., Marina, CA) and maintained at 180 ± 10 m 3 /h. Methane concentration was continuously measured at the air entrance and exhaust ducts using CH 4 analyzers (MGA3000, ADC Gas Analysis Ltd., Hoddesdon, Herts, UK). The amount of CH 4 (entering and leaving the chamber) was calculated by multiplying the concentration of CH 4 by the airflow (at entrance and at exhaust). The difference between the incoming and outgoing mass of CH 4 corresponded to the amount of enteric CH 4 emitted in each chamber by the animal. Methane was recorded every minute over a period of 3 consecutive days and fluxes were averaged to derive 24-h CH 4 emissions. Cows were preconditioned to the environmental chambers before the beginning of the experiment. Cows entered the chambers 18 h before starting CH 4 measurements. Cows in the chambers had free access to water and were fed twice daily for ad libitum intake (5% orts on an as-fed basis). Offered feed and orts were weighed daily to determine feed consumption. Samples of feed offered and orts were collected, pooled, and kept frozen for later determination of DM and GE concentrations.
Chemical Analyses
Dry matter content was determined by drying samples in a vacuum oven at 100°C overnight (AOAC, 1990; method 934.01). Ash content was determined by incineration at 550°C overnight in a muffle furnace (AOAC, 1990; method 942.05 ) and the OM content was calculated as the difference between 100 and the percentage of ash. Crude protein (N × 6.25) was determined using the macro-Kjeldahl procedure (AOAC, 1990; method 990.03). The concentration of NDF was determined as described by Van Soest et al. (1991) without the use of sodium sulfite and with the inclusion of heat-stable α-amylase. The ADF and ADL concentrations were determined according to AOAC (1990; method 973.18 ). The NDF and ADF procedures were adapted for use in an Ankom200 Fiber Analyzer (Ankom Technology Corp., Fairport, NY). The concentration of starch was determined colorimetrically according to the procedure of Hall et al. (2001) . Ether extract was determined using the Soxtec 2047 Soxcap in combination with Soxtec extraction systems (Foss, Eden Prairie, MN) according to AOAC (1990; method 920.39 ). Gross energy was determined using an oxygen bomb calorimeter (model 6200, Parr Instrument Company, Moline, IL). The concentration of N in acidified urine samples was determined by micro-Kjeldahl analysis (AOAC, 1990) . Water-soluble silage extracts were analyzed for watersoluble carbohydrates (Dubois et al., 1956) , lactic acid (Taylor, 1996) , and ethanol (GLC; model 6850, Agilent Technologies, Mississauga, Canada).
Analysis of VFA was performed using a gas chromatograph equipped with a flame ionization detector and auto-injector (7683 series; Agilent Technologies) and fitted with a DB-FFAP column (30 m × 0.250 mm, 0.25 μm; Agilent Technologies). The gas flow rate in the column was fixed at 1 mL/min and the temperature program was as an initial temperature of 80°C for 0.5 min, a temperature increase at a rate of 25°C/min to 180°C, and stabilization at 220°C for 2 min. The total run time was 7.83 min. The injector and detector temperature was maintained at 250°C, whereas the gas flow rates at the detector were 40, 450, and 25 mL/ min for H 2 , air, and N 2 , respectively. Ammonia N concentration was determined as in Weatherburn (1967) . Protein, fat, lactose, MUN, and SCC in milk samples were analyzed by infrared spectroscopy (MilkoScan FT 6000; Foss Electric, Hillerød, Denmark). Milk composition was corrected for differences in milk yield between AM and PM milkings.
Statistical Analyses
Data were analyzed using the MIXED procedure of SAS (SAS Institute Inc., Cary, NC). The statistical model included treatment and period as fixed effects and square and cow within square as random effects. Ruminal fermentation characteristics (pH, VFA, NH 3, protozoa) data were analyzed as repeated measures using the same model with the addition of the fixed effects of day, sampling time (i.e., hour), and all interactions. The CH 4 data were also analyzed as repeated measures with the inclusion of the fixed effects of day and day × treatment interaction. The fixed effect of the chamber was initially included in the model but was removed because it was not significant. The first-order autoregressive was used as the covariance structure and cow within treatment × period as subject for the repeated measures. In sacco ruminal degradability data were analyzed as a replicated 3 × 3 Latin square design and the model included the fixed effects of treatment and period as well as the random effect of square and cows within square. Orthogonal polynomial contrasts (linear, quadratic) were used to examine treatment effect on response variables. Significant effect of treatment on LSM was declared when P ≤ 0.05, whereas tendencies were declared when 0.05 < P ≤ 0.10.
RESULTS

Silage and Diet Composition
Chemical composition and fermentation characteristics of CS and BS are presented in Table 1 . As typically practiced in silage making for these 2 forages, the plants were harvested at a stage at which they contain a substantial concentration of starch (two-thirds milkline for CS and soft dough for BS). Barley silage contained 1 percentage unit more CP and 16 percentage units more NDF than CS, but 18 percentage units less starch. Proportion of lignin in NDF of BS was 11.4%, whereas this proportion was 6.1% in CS. The 2 silages were of good quality, as reflected by low pH, high lactic acid concentration, very small concentration of NH 3 , and no detectable presence of butyric acid.
Increasing the proportion of CS at the expense of BS was achieved by increasing the proportions of corn grain (i.e., at the expense of barley grain), corn gluten feed, soybean hulls, and urea (Table 2) . Soybean meal was the main source of protein in the 3 experimental treatments and its proportion slightly decreased as the proportion of CS increased in the diet. As the CS proportion in the diet increased, NDF and ADF concentrations declined, CP concentration dropped slightly, and the starch concentration increased ( Table 2) . The difference in the chemical composition of the 3 experimental diets is therefore a reflection of the differences between BS and CS.
Nutrient Intake and Digestibility
Dry matter intake (kg/d or % of BW) increased linearly (P < 0.01) as the CS proportion increased in the diet, leading to concomitant linear increases in OM, CP, starch, and GE intakes (Table 3) . Intake of NDF was numerically (P = 0.13) higher for cows fed the 27 and 54% CS diets as compared with cows fed the 0% CS diet, whereas a quadratic decrease (P = 0.05) in ADF intake was observed as the CS proportion increased in the diet (5.25, 5.37, and 4.78 kg/d for 0, 27, and 54% CS, respectively). Intake of EE remained unchanged by feeding cows increasing levels of CS in the diet.
Apparent total-tract digestibility of DM, OM, starch, EE, and GE increased linearly (P < 0.01), whereas that of CP tended (P = 0.09) to decline linearly as the proportion of CS increased in the diet. Digestibility of NDF tended (P = 0.09) to increase linearly with increasing inclusion of CS in the diet, whereas ADF digestibility was not significantly affected by experimental treatments, although it increased numerically (P = 0.12) with increasing dietary CS proportion. 
In Sacco Ruminal Degradability
Data of in sacco ruminal OM degradation parameters and ERD of CS and BS are presented in Table 4 . The rapidly degradable fraction (a) of BS tended (P = 0.07) to decrease linearly, whereas that of CS decreased linearly (P = 0.03) as the proportion of CS increased in the diet. The slowly degradable fraction (b) of BS tended (P = 0.10) to increase, whereas that of CS remained unaffected by feeding cows increasing proportions of CS in the diet. For both silages, the lag time (L) was not affected by the experimental treatment, whereas the fractional degradation rate (c) declined linearly (P ≤ 0.04) as the proportion of CS increased in the diet. As a consequence of these changes in degradation kinetic parameters, the ERD of the 2 silages decreased linearly (P ≤ 0.03) with increasing inclusion of CS in the diet. Overall, the ERD of OM of CS was 11 percentage units higher than that of BS.
Ruminal Fermentation Characteristics and Protozoa
Because the interactions between day and treatment were not significant for any of the ruminal fermentation parameters, only averages of the 2-d measurements were reported. Continuous monitoring of ruminal pH revealed minor effects of the experimental treatments on ruminal pH parameters (Table 5) . No treatment × sampling time interaction was observed for total VFA concentration or molar proportions of individual VFA.
Total VFA concentration averaged 96.2 mM and was not affected by treatment. Increasing the dietary proportion of CS caused a linear decline (P < 0.01) in acetate molar proportion and an increase (P = 0.02) in propionate proportion, resulting in a linear decrease in the acetate:propionate ratio. Molar proportion of butyrate increased numerically (P = 0.15), valerate proportion increased linearly (P = 0.05), but the proportion of branched-chain VFA (isobutyrate and isovalerate) declined linearly (P = 0.03) as the dietary proportion of CS increased. Increasing the concentration of CS in the diet caused a linear decline in ruminal NH 3 concentration (Table 6 ). The treatment × sampling time interaction was significant for ruminal NH 3 concentration, which was different among the experimental treatments except at 1 h postfeeding, where no effect of the increasing CS proportion in the diet was observed (Figure 1) .
No treatment × sampling time interactions were observed for total protozoa, entodiniomorphs, or holotrichs counts (Table 6 ). As the proportion of CS increased in the diet, the total protozoa and entodiniomorphs numbers increased linearly (P ≤ 0.03), whereas a linear decline (P < 0.01) in the holotrichs population count was observed. Dasytricha population declined (P < 0.01), whereas Isotricha number increased (P = 0.01) with increasing CS proportion in the diet. Overall, for all diets, 98% of the protozoa were entodinomorphs. 
Milk Production and Milk Composition
Increasing the proportion of CS in the diet caused linear increases (P ≤ 0.01) in yields of milk, FCM, and ECM (Table 7) . A linear decline (P < 0.01) in milk fat and MUN concentrations and a linear increase (P < 0.01) in the milk lactose concentration were observed when cows were fed an increasing proportion of CS in the diet. Milk protein content increased quadratically (P = 0.04) with increasing levels of CS in the diet (3.31, 3.46, and 3.47% for 0, 27, and 54% CS, respectively). Milk fat yield was not affected by treatment, whereas yields of milk protein and lactose increased linearly (P < 0.01) with increasing inclusion of CS in the diet. Feed efficiency, expressed as kilograms of milk produced per kilograms of DMI, remained unchanged by the experimental treatment. However, when expressed on an FCM or ECM yield basis, feed efficiency decreased linearly (P < 0.01) as the amount of CS increased in the diet.
Enteric Methane Production
No interactions were observed between day and treatment for CH 4 measurements; therefore, only averages over the 3-d measurements were reported (Table 8) . A tendency (P = 0.07) for a quadratic response of daily CH 4 output (g/d) to increasing levels of CS in the diet was observed (487, 540, and 523 for 0, 27, and 54% CS, respectively). When expressed on a DMI or GE intake basis, CH 4 production declined quadratically (0.05 < P ≤ 0.07) as the proportion of CS increased in the diet. The effect of the treatment was quadratic (P = 0.05) when CH 4 production was expressed as a percentage of the DE intake (10.5, 9.94, and 8.21% for 0, 27, and 54% CS, respectively). When CH 4 was expressed per kilogram of milk, FCM, or ECM produced, the numerically lowest CH 4 production was observed in cows fed the 54% CS diet (0.12 ≤ P ≤ 0.16) as compared with cows fed the 0 and 27% CS diets (i.e., quadratic effects). Methane produced per kilogram of milk fat was numerically (P = 0.12) higher for cows fed the 27% CS diet as compared with cows fed the 0 and 54% CS diets. When expressed as kilograms of milk protein produced, CH 4 production declined linearly (P < 0.01) with increasing inclusion of CS in the diet.
N Balance
Similar to the effect of treatment on DMI, daily N intake increased linearly (P < 0.01) as the proportion of CS increased in the diet (Table 9 ). Feeding cows increasing dietary proportions of CS caused a linear increase (P < 0.01) in the amount of N daily excreted in feces. Urinary N excretion (g/d) remained unaffected by increasing CS proportions in the diet, but it declined quadractically (P = 0.04) when expressed as a proportion of N intake. Daily total N excretion (g/d) tended (P = 0.06) to increase linearly with increasing inclusion of CS in the diet. However, when expressed as a proportion of daily N intake, it declined linearly (P < 0.01) when cows were fed increasing levels of CS in the diet. Efficiency of N utilization for milk production (N in milk/N intake) tended to increase (P = 0.08), whereas retained N and productive N increased linearly with increasing proportion of CS in the diet.
DISCUSSION
In this study, increasing the proportion of CS in the diet was accompanied by an increase in DMI. This increase can be related to the decline in fiber content of the diet as the CS proportion increased in the diet, higher ruminal OM degradability of CS compared with BS (65.7 vs. 55.6%), and improved apparent total-tract digestibility of diets containing more CS. Previous studies showed an inverse relationship between dietary fiber concentration and DMI (see review by Allen, 2000) . Increasing fiber digestibility is generally associated with greater DMI (Allen, 2000) , and this effect was also Ruminal NH 3 concentration in lactating dairy cows fed increasing proportions of corn silage (CS) in the diet ( = 0% CS, □ = 27% CS, = 54% CS). The diet (60:40 forage:concentrate ratio; DM basis) contained 0% CS (54.4% barley silage), 27.2% CS (27.2% barley silage), or 54.4% CS (0% barley silage) on a DM basis. Significant effect of treatment (P < 0.05) at specific sampling time is denoted by an asterisk (*).
969 observed in the current study when cows were fed increasing proportions of CS in the diet. Beauchemin and McGinn (2005) also reported higher DMI when beef cattle (back-grounding diet; 70:30 forage:concentrate ratio) were fed a CS-based diet as compared with when they were fed a BS-based diet.
It is well documented that enteric CH 4 emission is positively related to DMI (Benchaar et al., 2001; Reynolds et al., 2011) . This proportional relationship between CH 4 production and DMI was observed in the current study, as cows fed the 0% CS diet (i.e., 54.4% BS in the TMR) consumed 22.0 kg of DM/d and produced 487 g of CH 4 /d, whereas those fed the 27% CS diet (i.e., 27.2% CS and 27.2% BS in the TMR) consumed 24.9 kg of DM/d and produced 540 g of CH 4 /d. To the best of our knowledge, ours is the first study evaluating enteric CH 4 production from dairy cows fed CS or BS. In one study on feedlot cattle, Beauchemin and McGinn Determined for 3 consecutive days during which cows were in the chambers.
3 GE = gross energy.
4 DE = digestible energy (estimated from energy digestibility measured over the 6-d collection period).
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Yields of milk, FCM, ECM, milk fat, and milk protein measured for 6 consecutive days (i.e., performance measurements). (2005) also observed higher CH 4 emissions (g/d) when beef cattle were fed CS-based diets compared with BSbased diets. However, despite higher DMI for cows fed the 54% CS diet (i.e., 0% BS in the TMR) compared with cows fed the 0% CS diet (27.2 vs. 22.0 kg/d), daily CH 4 emission was not affected. A quadratic decline was observed when CH 4 production was adjusted for intake of DM, GE, or DE. Thus, in the current study, the effect on CH 4 production of starch content of the diet was more pronounced when the starch level was increased from 16.6 (i.e., 0% CS diet) to 25.6% (i.e., 54% CS diet) than from 16.6 to 20.6% (i.e., 27% CS diet). This indicates that ruminal environment was less favorable to ruminal methanogenesis when cows were fed the 54% CS diet than the 27% CS diet. Previous studies reported that increasing dietary starch concentration in beef cattle (Mc Geough et al., 2010b) or dairy cows (Hassanat et al., 2013) alters ruminal environment and attenuates enteric CH 4 emissions. Increasing starch supply via increasing CS proportion in the diet had no effect on ruminal pH, which is somewhat unexpected because feeding high-starch diets to ruminants is usually associated with a decrease in ruminal pH. However, the lack of effects of experimental treatments on ruminal pH in the current study is consistent with the absence of a difference in total VFA concentration. Conversely, changes in VFA patterns observed in our study when cows were fed an increasing dietary proportion of CS are typical of those occurring when high-starch diets are fed to ruminants (i.e., a decline in acetate molar proportion and an increase in propionate molar proportion). In the same experiment, using the cDNA technique, we showed that this increase in propionate molar proportion when cows were fed more CS (i.e., at the expense of BS) was associated with an increase in Prevotella numbers. This bacterium is the dominant amylolytic bacterial group and an efficient hydrogen user for propionate production (Bekele et al., 2010; Purushe et al., 2010) . In a previous study (Benchaar et al., 2007) with dairy cows, replacing an alfalfa silage-based diet (17.6% starch; 39.3% NDF) with a CS-based diet (25.0% starch; 37.5% NDF) caused similar effects on ruminal fermentation environment (i.e., no change in ruminal pH, but a decline in acetate:propionate ratio). This shift in ruminal VFA pattern may explain lower CH 4 emissions in cows fed increasing levels of CS in the diet given the inverse relationship between propionate and CH 4 formation in the rumen. The production of acetate releases hydrogen, whereas the production of propionate serves as a net hydrogen sink, which reduces hydrogen availability to methanogens for the reduction of CO 2 to CH 4 (Beauchemin et al., 2009; Martin et al., 2010) .
The increase in propionate proportion observed in the current study can be related to an increase in starch dietary supply to the rumen as CS proportion in the diet increased (3.71, 5.19, and 6 .78 kg/d for 0, 27, and 54% CS, respectively). The increased propionate production can also be attributed to the higher DMI and 971 passage rates and a shift toward faster-growing bacterial species in the rumen. Previous studies (Oba and Allen, 2000a, b) reported faster passage rates and higher propionate proportion associated with increased DMI in dairy cows. The decline in acetate molar proportion as CS dietary proportion increased could be related to the negative effect of treatment (i.e., increased starch supply) on fiber degradation as reflected by changes in the ruminal degradability of BS and CS. A negative association exists between starch and fiber degradation in the rumen (Van Soest, 1994) . Conversely, fiber apparent total-tract digestibility tended to increase linearly as the proportion of CS increased in the diet. This may be explained by the high fiber quality of diets formulated with CS compared with BS (i.e., lower lignification of CS), and a possible increase in postruminal fiber digestion as CS dietary proportion increased. Protozoa are important hydrogen producers that play a key role in the interspecies hydrogen transfer and CH 4 production within the rumen microbial ecosystem (Morgavi et al., 2012) . Protozoa produce hydrogen during nutrient fermentation in the rumen, which is then used by Archaea methanogens (present inside and on the surface of protozoa) for CH 4 synthesis.
It is generally speculated that high-starch diets causes a decrease in protozoa numbers (Beauchemin et al., 2009; Martin et al., 2010) . Indeed, in a previous study, we (Hassanat et al., 2013 ) observed a reduction in protozoa numbers when CS (i.e., higher starch content) replaced alfalfa silage (i.e., lower starch content) in dairy cow diets. Similarly, Hristov et al. (2001) also reported a reduction in the ruminal protozoa number in steers fed high-concentrate diets (95% barley-based diets) as compared with steers fed medium-concentrate diets (62% barley-based diets). In the current study, however, increasing the proportion of CS in the diet (i.e., increased starch supply) caused a linear increase in protozoa numbers. The increase in protozoa numbers in the current study is consistent with the numerical increase in butyrate molar proportion because protozoa are butyrate producers (Ivan et al., 2000; Brossard et al., 2004; Morgavi et al., 2012) . The increase of total protozoa and entodiniomorphs numbers with increasing starch supply observed in the current study are in agreement with previous studies in steers (Goad et al., 1998) , sheep (Ivan et al., 2000) , and dairy cows (Monteils et al., 2012) fed high-starch diets. The decline in Dasytricha population with increasing CS proportion is consistent with the observation of Ueda et al. (2003) in cows fed high-concentrate versus high-forage diets. Discrepancies between studies on the effect (increase vs. decrease) of starch supplementation on ruminal protozoa number could be explained by the level of starch of the diet. Indeed, in the present study, dietary starch concentrations increased up to 25.6% for the highest inclusion level of CS (i.e., 54% CS diet), and this starch level content did not negatively affect ruminal protozoa numbers. In contrast, in the study by Hassanat et al. (2013) , starch concentration increased up to 30% and was associated with a decrease in protozoa numbers. Thus, starch may be detrimental to protozoa at a high level of supplementation. Dijkstra (1994) reported that responses of ruminal protozoa to increases in dietary starch content depend on the type of the diet. Increasing starch content decreased protozoal biomass on high-concentrate diets but increased protozoal biomass on high-forage diets. The diets used in the present study were 60% forage-based diets, therefore explaining the increase in protozoa numbers with increasing starch concentration in the diet. Finally, it is equally possible that the high protozoa numbers in cows fed increasing proportions of CS was due to the higher DMI observed in cows fed the 27 and 54% CS diets as compared with cows fed the 0% CS diet, as reported in other previous studies (Djouvinov and Todorov 1994; Aoki et al., 2010; Benchaar et al., 2012) .
In this study, production of milk, FCM, and ECM increased with increasing proportions of CS in the diet, which can be explained by the increase in DM and energy intakes as the amount of CS fed to cows increased in the diet. Parallel increases in DMI and milk yield are often observed when dairy cows are fed high-starch versus high-fiber diets (Aguerre et al., 2011; Benchaar et al., 2012; Hassanat et al., 2013) .
Feeding cows more CS at the expense of BS decreased milk fat content, but milk fat yield remained unaffected by experimental treatment, suggesting a dilution effect due to higher milk yield when cows were fed increasing amounts of CS in the diet. In contrast, the effect of feeding an increasing CS proportion in the diet to cows on milk protein secretion (higher concentration and yield of milk protein) is a typical change occurring when high-starch diets are fed to dairy cows. This increase in milk protein content and yield may be explained by a greater supply of AA due to an increased feed N intake coupled with a better utilization of N by the animal, as reflected by decreases in ruminal ammonia concentration, molar proportion of branchedchain VFA and MUN, and improved N retention. The utilization of ammonia in the rumen is strongly affected by availability of fermentable carbohydrates (Russell et al., 1983) . Hristov et al. (2005) indicated that increasing availability of fermentable carbohydrates (i.e., starch) can decrease ammonia production in the rumen (by reducing the deamination process or enhancing the capture of released AA by ruminal microbes) or increase microbial capture of released NH 3 in the rumen. Higher milk protein secretion in cows fed high-starch diets has been related to a greater production of propionate and increased supply of AA (Jenkins and McGuire, 2006) , which occurred in the current study as the proportion of CS increased in the diet. The extent of starch digestibility observed in this study is similar to what was reported for barley (Gozho and Mutsvangwa, 2008) and corn (Hassanat et al., 2013) . Digestibility of starch increased as the proportion of CS in the diet increased. This may reflect an enhanced postruminal digestion of starch, as ruminal degradability of starch from corn is known to be lower than that of barley (Offner et al., 2003; Yahaghi et al., 2012) . Increased intestinal starch digestibility may have potentially spared AA from glycogenic oxidation, and thus increased AA availability for milk protein synthesis.
As a consequence of these changes in milk performance, the amount of CH 4 produced per kilogram of milk was numerically lower when cows were fed the 54% CS diet compared with cows fed the 0 and 27% CS diets. When expressed on a milk protein yield basis, CH 4 emissions decreased as CS replaced BS in the diet. When expressed on milk fat yield basis, CH 4 production was numerically higher (5%) for cows fed the 27% CS diet as compared with cows fed the 0 and 54% CS diets. In agreement with our findings, Aguerre et al. (2011) reported a decline in grams of CH 4 emitted per kilograms of milk or ECM produced as dietary starch concentration was increased at the expense of fiber content (high-concentrate vs. high-forage diets). Mc Geough et al. (2010a, b) also reported that the amount of CH 4 emitted per kilogram of carcass gain of beef cattle decreased as starch concentrations increased in corn silage-or wheat silage-based diet.
The success of a given dietary CH 4 mitigation strategy relies also on its effect on emissions of other GHG to ensure that the gain achieved via the reduction in enteric CH 4 emission is not offset by higher emissions, such as N 2 O. High N excretion in urine has the potential to increase N 2 O and NH 3 emissions. In the current study, including more CS in the diet at the expense of BS was associated with a greater fecal N output, which is due to higher N intake when cows were fed increasing levels of CS in the diet. The difference in fecal N between treatments was less pronounced when fecal N excretion was expressed as a proportion of N intake. Unlike fecal N, urinary N (g/d) was not affected by treatment and declined when expressed as a percentage of N intake. The lower urinary N losses can be explained by an improved N utilization in the rumen (i.e., lower ruminal protein degradation or improved capture of ammonia by rumen microbes) as previously discussed. In agreement with our findings, urinary N losses were lower in dairy cows fed a TMR containing starch from corn compared with those fed TMR containing starch from barley (Gozho and Mutsvangwa, 2008; Whelan et al., 2012) . Reducing urine N excretion can help decrease animal contributions to GHG emissions, as urinary N can easily and rapidly be degraded during manure handling and storage and contribute to GHG emissions (FAO, 2006) .
CONCLUSIONS
Mitigation of enteric CH 4 production could be achieved by increasing the CS proportion at the expense of BS in dairy cow diets. However, under the experimental conditions of the current study, an evident decline (14%) in enteric CH 4 energy loss was observed only when CS entirely replaced BS in the diet (0 vs. 54% CS diets). The 14% reduction in CH 4 energy losses was associated with a lower acetate:propionate ratio with no negative effects on nutrient digestibility, including that of fiber. Increasing CS dietary proportion improved milk production and this effect was due to a stimulation of DMI. Urinary N losses decreased as the amount of CS included in the diet was increased at the expense of BS, reflecting an enhanced efficiency of N use by the animal and suggesting a low potential for N 2 O and ammonia emissions.
